The relative importance of lipid rafts vs. specialized rafts termed caveolae to influence signal transduction is not known. Here we show that in cells lacking caveolae, the dually acylated protein, endothelial nitric oxide synthase (eNOS), localizes to cholesterolrich lipid raft domains of the plasma membrane. In these cells, expression of caveolin-1 (cav-1) stimulates caveolae biogenesis, promotes the interaction of cav-1 with eNOS, and the inhibition of NO release from cells. Interestingly, in cells where cav-1 does not drive caveolae assembly, despite equal levels of cav-1 and eNOS and localization of both proteins to raft domains of the plasmalemma, the physical interaction of eNOS with cav-1 is dramatically less resulting in less inhibition of NO release. Thus, cav-1 concentrated in caveolae, not in rafts, is in closer proximity to eNOS and is necessary for negative regulation of eNOS function, thereby providing the first clear example of spatial regulation of signaling in this organelle that is distinct from raft domains.
T
he lipid raft hypothesis formulated more than 10 years ago (1) , postulated the existence of lipid rafts as dynamic assemblies of cholesterol and sphingolipids in the plasma membrane. Caveolae are specialized lipid rafts because of the ability of caveolins to initiate caveolae biogenesis from raft-derived components. The proposed functions of rafts͞caveolae are diverse and somewhat controversial, including cholesterol transport (2, 3) , endocytosis (4), potocytosis (5) , and signal transduction (6) (7) (8) (9) . In addition, there is much confusion in the literature where the distinction among lipid rafts, flattened caveolae, or caveolae proper is less than clear, thus making it difficult to ascertain which cellular functions might be attributable to rafts, caveolae, or caveolins, per se.
For example, because cholesterol-modifying drugs such as cyclodextrins remove cholesterol from plasmalemmal rafts and caveolae, these reagents cannot distinguish between signaling events occurring in these compartments. Moreover, from a biophysical perspective, it is unknown whether the curvature and structure of plasmalemma-attached caveolae with caveolin-1 (cav-1) as the coat protein or whether the presence of cav-1 protein in the plasma membrane, per se, is necessary for the effects of cav-1 on any target protein or function. This distinction is important because although cav-1 is the main structural protein of caveolae, it may also exist in lipid rafts without the formation of plasmalemma-attached caveolae (10) , be found in the trans-Golgi network as originally described (9) , or found in other organelles (11) .
Endothelial nitric-oxide synthase (eNOS) is a dually acylated signaling protein responsible for the production of nitric oxide (NO) in the cardiovascular system. N-myristoylated and cysteine palmitoylation of eNOS targets eNOS to the cytoplasmic face of the Golgi and to plasmalemmal caveolae. eNOS in these domains can interface with several aspects of signal transduction systems through direct interactions with several protein partners, including cav-1, dynamin-2, the intracellular domain III of certain G protein-coupled receptors (12) , calmodulin (13) , heat shock protein 90 (hsp90; ref. 14) , and serine͞threonine protein kinase Akt (protein kinase B; ref. 15) . These regulated interactions are associated with either inhibition or stimulation of the enzyme activity.
Several laboratories have shown that eNOS directly interacts in coimmunoprecipitation and domain-mapping studies with residues 82-101 of the caveolae coat protein, cav-1 (16, 17) , and that cav-1 or the surrogate caveolin peptide negatively regulate eNOS function in vitro. Recently, evidence supporting the in vivo function of this interaction has been shown by delivery of the eNOS binding motif of cav-1 into living cells or tissues by using either permeabilization techniques or peptide chimeras that permit cellular internalization without endocytic degradation. In both instances, the caveolin peptide, but not a scrambled control peptide, attenuates NO release and blocks NO-dependent functions, thus supporting a potential in vivo role for the eNOScaveolin interaction (18, 19) .
Given the complexity of examining the importance of cav-1 in signaling and the fact that most cells contain dynamic assemblies of raft domains and caveolae, we sought to find a suitable mammalian cell system to clearly distinguish between signaling in raft domains vs. caveolae. Thus, here we examine the importance of cav-1 as a negative regulator of eNOS by using heterologous systems that permit a clear distinction between signaling in lipid rafts vs. caveolae.
Materials and Methods
Cells. Fischer rat thyroid (FRT) cells were cultured in Ham's F-12͞Coon's modified media (Sigma) containing penicillin (100 units͞ml) and streptomycin (100 g͞ml) supplemented with 5% FBS (Life Technologies, Grand Island, NY). The human prostate cancer cell line (LNCaP; American Type Culture Collection) was cultured in RPMI medium 1640 containing penicillin, streptomycin, and 10% (vol͞vol) FBS.
Construction of Adenoviral Vectors. Recombinant adenoviruses (Ads) containing the cDNA encoding cav-1 (Adcav-1), eNOS fused with green f luorescent protein (AdeNOS-GFP), and ␤-galactosidase (Ad␤-gal) were generated as follows. The early region 1 (E1) of a full-length serotype 5 wild Ad was deleted and replaced by a cDNA sequence encoding canine myc-tagged cav-1, bovine eNOS fused with GFP, or ␤-gal under control of cytomegalovirus (CMV) promoter. Recombination, amplification, and titering were performed by using standard methodology. Recombinant Ad containing the cDNA encoding eNOS was a gift of Z. Katusic (Mayo Clinic, Rochester, MN) and was generated as described (20) .
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Adenoviral Transduction of FRT and LNCaP Cells with Cav-1 and eNOS.
Two days after plating, cells were infected with appropriate Ads in serum-free medium for 4 h. All Ads were used at multiplicities of infection of 20 and 5 for infecting FRT and LNCaP cells, respectively. The viruses were removed after 4 h, and cells were left to recover for 1-4 days (depending on experiment) in complete media. In preliminary experiments with the ␤-gal virus, these conditions were optimal for infecting nearly 100% of cells.
Stable Transfection. We used the clone of FRT cells stably expressing cav-1 (T2). The procedure for stable transfection of these cells has been described (21) .
NO Release. For measurement of basal NO production, 48 h after infection with Ad␤-gal, Adcav-1, and AdeNOS, media was replaced with fresh media containing 100 M L-sepiapterin (Cayman Chemicals, Ann Arbor, MI) and left for another 48 h (4 days after the initial infection). For measurement of stimulated NO release, cells were washed with serum-free medium followed by stimulation with ionomycin (1 M; Sigma) for 15 min. Media were processed for the measurement of nitrite (NO 2 Ϫ ), the stable breakdown product of NO in aqueous solution, by NO-specific chemiluminescence as described (22) . In addition, NO 2 Ϫ release from noninfected with eNOS control cells or cells infected with Ad␤-gal was subtracted to control for background levels of NO 2 Ϫ found in samples.
Western Blotting. Cell lysates were obtained and processed for Western blot as described (23) .
Immunofluorescence. Cells cultured on 35-mm glass-bottomed dishes were fixed, permeabilized, and stained with Abs as described (21) . Slides were mounted with Slowfade (Molecular Probes), and cells were observed with an inverted Zeiss microscope fitted with a Bio-Rad MRC 600 confocal imaging system.
Treatment with ␤-Trimethyl Cyclodextrin (CD).
Cells were incubated with medium without serum for 18 h, medium was changed into the fresh one containing 10 mM ␤-trimethyl CD (Sigma). Cells were incubated for 1 h, washed with ice-cold Dulbecco's phosphate-buffered saline (DPBS), and processed for detergent-free sucrose fractionation as described below or incubated with 1 M ionomycin in serum-free medium for 15 min and processed for NO release. To determine the reversibility of CD action, cells treated with CD were washed with serum-free medium and incubated for another 1 h in the presence of CD loaded with cholesterol (30 g͞ml; Sigma).
Sodium Carbonate Extraction Followed by Sucrose Gradient
Fractionation. To determine raft association of both eNOS and cav-1, we used a detergent-free method developed by Song et al. (24) with a modification for smaller volumes. Briefly, cells were homogenized and sonicated as described (24), lysates (0.25 ml) adjusted to 42.5% sucrose with 0.25 ml of 85% sucrose in Mes-buffered saline (MBS) (25 mM Mes, pH 6.5͞150 mM NaCl). The 0.5 ml of lysate (in 42.5% sucrose and 0.25 M Na 2 CO 3 ) was placed at the bottom of a 2.4-ml centrifuge tube and overlaid with 1.4 ml of 30% sucrose in 0.25 M Na 2 CO 3 and 0.3 ml of 5% sucrose in 0.25 M Na 2 CO 3 . The gradients were centrifuged for 18-20 h at 48,000 rpm in a TL100 centrifuge by using a TLS55 rotor. Ten 0.22-ml fractions were collected from the top of the gradient and processed for Western blotting. In addition to eNOS, cav-1 and ␤-actin membranes were blotted with polyclonal Ab to the Golgi marker ␤-COP (1:1000; Affinity BioReagents, Golden, CO).
Immunoprecipitation. Cav-1 was immunoprecipitated from cultured LNCaP and FRT cells with polyclonal Ab (Santa Cruz Biotechnology) as described (25) . Immunocomplexes were isolated, electrophoresed, and Western blotted with anti-cav-1 and with anti-eNOS mAbs (Transduction Laboratories, Lexington, KY).
Electron Microscopy (EM)
Embedding of Cell Monolayers. Cells were fixed for 1 h at room temperature in 1% glutaraldehyde (Electron Microscopy Sciences, Fort Washington, PA) in 0.1 M cacodylate buffer (pH 7.4) postfixed in 1% osmium tetroxide (Electron Microscopy Sciences) in the same buffer, stained with 2% aqueous uranyl acetate, and dehydrated in a graded series of ethanol. They were then detached from the plastic dish by using propylene oxide and embedded in EMbed 812 resin (Electron Microscopy Sciences). Sections (60 nm) were cut with a Reichert Ultracut E ultramicrotome, stained with 2% uranyl acetate and lead citrate, and examined in a Philips Electronic Instruments (Mahwah, NJ) 410 electron microscope.
Quantitative EM. For each sample, about 20 random pictures were taken at ϫ10,800 and printed at a final magnification of ϫ26,900. The basolateral membrane was identified by the presence of a thin plastic film resulting from the dissolution of the plastic cell culture dish by propylene oxide. Caveolae and coated pits were counted when a neck connecting them to the cell surface was clearly visible. Smooth and coated vesicles were also counted, but only when they were within 50 nm of the plasma membrane. The total length of plasma membrane was estimated by counting intersections with vertical and horizontal lines of a lattice grid with a 30-m spacing between lines.
Statistics. NO release data are expressed as mean Ϯ SEM. Comparisons were made by using a two-tailed Student's t test. Differences were considered as significant at P Ͻ 0.05 (*) or P Ͻ 0.01 (**).
Results and Discussion
To address whether lipid rafts, caveolae, and͞or caveolins can influence NO signaling, we initially used FRT cells that lack FRT and LNCaP cells were plated and infected with Ad␤-gal or Adcav-1 as described in Materials and Methods. Two days after infection, cells were fixed, postfixed, and processed for EM. Numbers of plasma membrane structures, i.e., caveolae with a visible connection with the cell surface; as well as uncoated and coated vesicles and coated pits within 50 nm from the cell surface were assessed as described in Materials and Methods.
cav-1 and plasmalemmal caveolae, but express cav-2. In these cells, overexpression of cav-1 stimulates caveolae biogenesis (26) and the redistribution of cav-2 from the Golgi to Triton X-100 insoluble lipid-rich domains of plasma membrane (21) . As seen in Table 1 , parental FRT cells did not have a single plasmalemma attached caveolae but contained ample uncoated vesicles, clathrin-coated pits, and vesicles based on quantitative EM. FRT cells stably transfected with the cav-1 cDNA (T2 cells) or adenoviral expression of cav-1 into parental FRT cells induced the formation of caveolae but did not change the number of uncoated vesicles, clathrin-coated pits, and vesicles similar to previous findings.
Because eNOS has been reported to be found in plasma membrane caveolae of endothelial cells based on immunofluorescence (25) and immunogold labeling (27) , we infected FRT cells with an Ad expressing eNOS and compared the distribution of eNOS by using detergent-free microdomain fractionation and immunofluorescence microscopy. In parental FRT cells lacking cav-1, eNOS was distributed into both light buoyant membranes (fractions 1-3 containing raft and caveolae-enriched proteins) and heavy membranes (fractions 7-10) as compared with ␤-COP and ␤-actin, which were enriched in heavy membrane fractions (Fig. 1A Top, densitometry far Right). Stable expression (T2 cells, Fig. 1 A Middle, densitometry far Right) and adenoviral transduction of FRT cells with cav-1 (Adcav-1, Fig. 1 A Bottom, densitometry far Right) resulted in cav-1 distributing into light membrane fractions. Under these conditions, the presence of cav-1 did not influence eNOS trafficking into or out of light fractions of the gradient, suggesting that eNOS can target to light buoyant membrane fractions independently of cav-1 or caveolae.
Next we infected FRT cells (parental, T2 clone, and Adcav-1-infected) with adenoviral eNOS-GFP and examined eNOS trafficking in living cells. eNOS-GFP targeted to the plasma membrane ( Fig. 1 B and C, arrows) and perinuclear region ( Fig.  1 B and C, arrowheads) in both cav-1-negative and -positive FRT cells. Thus, cav-1-dependent caveolae formation did not change eNOS subcellular localization, which was consistent with the data in Fig. 1 A. To determine whether both eNOS and cav-1 colocalize, we used dual immunofluorescence labeling of eNOS and cav-1 in fixed FRT cells (Fig. 1C) . Merged images of eNOS and cav-1 labeling show that eNOS colocalized with cav-1 in plasma membrane ( Fig. 1 B and C , denoted by arrows) of the cells (Fig. 1C Upper and Lower Right) . Thus, imaging of both living and fixed cells expressing eNOS shows that although a large portion of eNOS colocalizes with cav-1 both in perinuclear and plasma membrane regions, eNOS targets to both domains independently of cav-1͞caveolae.
Next we examined the importance of cholesterol to eNOS trafficking and NO release in cells that either have only rafts or caveolae. Treatment of parental [wild type (WT), Table 1 for morphometric evaluation of caveolae and other vesicle populations.
control could be seen in intermediate and heavy density fractions ( Fig. 2A Right, compare Top and Middle). Distribution of both ␤-COP and ␤-actin were unaffected by CD treatment. The effect of CD on the redistribution of both eNOS and cav-1 could be fully reversed to that seen in control cells (Fig. 2 A Top) by removing CD followed by 2-h incubation with cholesterol ( Fig.  2 A Bottom and densitometric quantification of eNOS in control, CD, and CD ϩ cholesterol treatment in B). Next, we examined the effects of cav-1 expression and CD treatment on calcium ionophore-induced NO release from cells. As seen in Fig. 2C (Left and Right), calcium ionophore-induced NO release was similar in cells lacking or expressing cav-1. Moreover, CD treatment blocked calcium ionophore-induced NO release from both cells to the same extent, an effect reversed by cholesterol reloading. Thus, the inability of cav-1 to influence eNOS trafficking and NO release in both cav-1-negative and -positive FRT cells along with the reversible redistribution of both eNOS and cav-1 by CD suggests that cav-1͞caveolae presence does not influence eNOS targeting to rafts or the stimulated release of NO from cells. Moreover, mislocalization of eNOS from rafts͞ caveolae with CD blunts NO release, which is consistent with the paradox that localization of eNOS to the plasma membrane is necessary for agonist-induced NO release, whereas the complex of eNOS with cav-1 in resting cells likely reduces basal NO release.
Because the interaction of eNOS with cav-1 is proposed to inhibit basal NO production, and on stimulation of cells the binding of CaM and hsp90 to eNOS relieves the negative regulation by cav-1 (29, 30), we examined basal accumulation of NO over 48 h in cells that have rafts and͞or caveolae. Interestingly, the expression of cav-1 reduced basal NO release by Ϸ40% (**P Ͻ 0.01) and 28% (*P Ͻ 0.05) in T2 cells and Adcav-1-transduced cells compared with parental FRT cells, respectively (Fig. 2D , with inset Western blots documenting equal expression of eNOS, cav-1, and actin in triplicate). Thus, the presence of cav-1 does not influence calcium ionophore-stimulated NO production (Fig. 2C ) but inhibits basal NO release (Fig. 2D) , suggesting that cav-1 and͞or cav-1-dependent generation of caveolae is responsible for inhibition of NO production.
To distinguish between these two possibilities, whether cav-1, per se, or cav-1 in the context of caveolae could influence eNOS function, we used LNCaP cells. As seen in Table 1 , LNCaP cells do not have a single plasmalemmal-attached caveolae based on quantitative EM, nor do they express cav-1 by Western blotting (Fig. 3A Left) . Interestingly, adenoviral expression of cav-1 (Adcav-1) in LNCaP does not result in caveolae formation in these cells compared with FRT cells (see Fig. 3B and Table 1 ) but increases the number of uncoated vesicles that do not fuse with the plasma membrane. As seen in Fig. 3 A and B , in parental LNCaP and LNCaP infected with Adcav-1, eNOS distributes into light and heavy membrane domains, and eNOS-GFP targeting to the perinuclear region (Fig. 3C, arrowhead) and plasma membrane (Fig. 3C , arrow) in these cells is not affected by cav-1 expression. Moreover, eNOS and cav-1 colocalize in the perinuclear region (Fig. 3D, arrowhead) and plasma membrane (Fig.  3D, arrow) in fixed cells.
Next we examined calcium ionophore-stimulated NO production in the absence and presence of CD, as well as basal NO accumulation. As seen in Fig. 4A , calcium ionophore stimulates NO accumulation to the same extent in LNCaP vs. LNCaP expressing cav-1. In addition, CD attenuates ionophorestimulated NO, in a cholesterol-reversible manner, showing that eNOS targets to rafts in parental LNCaP and that the presence of cav-1 does not influence the CD sensitivity. However, the expression of cav-1 in LNCaP, in the absence of caveolae formation, does not result in inhibition of basal NO release (Fig.  4B) . Next, we examined whether the documented proteinprotein interaction of eNOS with cav-1 is influenced by the absence or presence of caveolae as a potential mechanism to explain the effect of cav-1 on NO release. As seen in Fig. 4C , the expressions of eNOS, cav-1, and actin were similar in all lines examined. However, immunoprecipitation of cav-1 from LNCaP cells results in low level detection of coassociated eNOS (see lanes 1 and 2). The low level coassociation of cav-1 and eNOS in LNCaP is in contrast to FRT cells expressing cav-1 (WT ϩ Adcav-1) and T2 cells stably expressing cav-1 where ample amounts of eNOS were coprecipitated with cav-1. In the absence of cav-1 in the cells, no eNOS was precipitated with the anti-cav-1 Ab (Fig. 4C, lanes 1 and 3) . These results demonstrate that the presence of cav-1 in caveolae but not cav-1 in light buoyant density membranes or plasmalemmal rafts, enhances the interaction of eNOS with cav-1 and is responsible for the negative regulation of eNOS function. After plotting the percent inhibition of basal NO release against caveolae number in FRT and LNCaP cells, there is a striking inverse correlation between these two phenomena (r 2 ϭ 0.99), namely inhibition of NO release occurs as caveolae number increases (Fig. 4C) . In contrast, there is no correlation (r 2 ϭ 0.49) between the levels of inhibition of NO release and the levels of cav-1 expression. Thus, our data strongly imply that inhibition of basal NO release in FRT cells by cav-1 depends on the abundance of caveolae and cav-1-associated eNOS within the organelle. Our results have several implications for the biogenesis, trafficking, and regulation of acylated protein function in rafts and͞or caveolae. Our data show that myristoylated and palmitoylated eNOS targets to cholesterol-rich raft domains independent of caveolae in both parental FRT and LNCaP cells. These finding argue against the idea that cav-1 may act as a trafficking scaffold to cargo acylated proteins from the trans-Golgi network to the plasma membrane. In addition, our data supports the idea of a two-step model for the trafficking of eNOS and other acylated proteins into the plasma membrane: (i) initial targeting of the lipid-modified protein into a raft domain, a function that occurs independently of cav-1, and (ii) the interaction of eNOS and perhaps other proteins with cav-1 in the context of a caveolae. If caveolae are absent, but rafts are still present as in parental FRT cells, parental LNCaP, or LNCaP cells expressing cav-1, eNOS behaves as if it is in a raft, weakly interacts with cav-1, and is not subject to tonic negative regulation by cav-1 in the plasma membrane. Conversely, if caveolae are present, the total amount of eNOS in an isolated raft͞caveolae domain does Note that equal amounts of eNOS and cav-1 were recovered from cell lysates; however, the amount of cav-1-associated eNOS was markedly less in cells that cannot form caveolae. The different molecular mass of cav-1 introduced by Ad is the result of an myc tag on the carboxyl tail. In D, the percent inhibition of NO 2 Ϫ accumulation from parental FRT and LNCaP cells, T2 cells, and Adcav-1-transduced cells is plotted against the number of caveolae in these cells (see Table 1 for details). Data were correlated (r 2 ϭ 0.99) by first-order linear regression with GraphPad (San Diego) PRISM software.
